A high-performance self-powered broadband photodetector based on a CH 3 hole-transport layer. The organolead iodide perovskite photodetector is sensitive to broadband wavelengths from the ultraviolet light to the entire visible light region (250-800 nm), showing a high photo-responsivity of 24.3 A W À1 and a high detectivity value of 3.56 Â 10 14 cm Hz 1/2 W À1 at 500 nm without external bias voltage. Meanwhile, we found that the photodetective performances are closely related to the thickness of the MoO 3 layer, which acts as a hole-transport layer and an electronblocking layer and can effectively decrease the recombination of holes and electrons. Additionally, the as-fabricated photodetector exhibits good stability and only 9.3% photoelectric response current decay after a 3-month illumination test. The high detectivity and responsivity of such a ZnO nanorod/ perovskite heterojunction are clearly demonstrated and should be widely applicable to other photoelectric detection devices.
Introduction
Inorganic-organic perovskite materials, taking the structural form of CH 3 NH 3 PbX 3 (X = Cl, Br, I), have attracted extensive attention for optoelectronic devices, such as light-emitting diodes, highly sensitive photodetectors and solar cells that have reached certified power conversion efficiencies above 20%. [1] [2] [3] The low cost and facile solution-processing synthesis of these nanocrystals has opened up bright prospects for clean and sustainable energy production using CH 3 NH 3 PbX 3 . 4 Meanwhile, the advantages of those perovskites, such as band gap engineering capabilities, large absorption coefficients, long carrier lifetimes, high carrier mobilities, and low recombination rates, make them promising candidates in optical and optoelectronic fields. [5] [6] [7] Perovskite materials have excellent light absorbing characteristics and are strong sensitizers in the range from 300 to 800 nm, especially around 500 nm. It has been reported that the absorption rate of light could exceed 90%. 8 The defect density in the energy band of perovskites is very low, resulting in low saturation current. 9 . 10 However, the complexity of preparing organic materials and their instability have limited their practical applicability. Self-powered photodetectors have attracted increasing attention for their self-sufficient potential for operation, wireless performance, independency and sustainability. 11, 12 ZnO, a typical n-type transparent oxide semiconductor with a direct wide bandgap of 3.37 eV, is one of the most important nanomaterials and a promising candidate in self-powered p-n junction type ultraviolet photodetectors, benefiting from its unique characteristics, such as high resistance to irradiation, low deposition temperature, large exciton binding energy of 60 meV and a rich variety of nanostructure forms. 
Experimental

Growth of ZnO-nanorod arrays
Previous studies have reported hydrothermal methods for compounding ZnO-nanorod arrays. [22] [23] [24] ZnO-nanorod arrays can also be synthesized by a simple water bath method. Firstly, an FTO glass was ultrasonically washed in deionised water, acetone, and ethanol for 20 min in sequence. Then, it was cleaned by UV-ozone for 15 min to remove organic matters attached to the surface of the FTO glass. 3 mM Zn(Ac) 2 solution was prepared in advance using methanol as solvent. After stirring for 10 min, the solution was spin-coated on the FTO glasses at a rotational speed of 3000 rpm for 15 s and dried for 15 min at 100 1C. After that, they were annealed in a muffle furnace at 350 1C for 1 h to obtain ZnO seed layers on FTO glasses. The ZnO seed layer on FTO was used as a substrate for water bath growth of ZnO nanorod arrays. The precursor solution consisted of 50 mM Zn(NO 3 ) 2 Á6H 2 O, 30 mM of C 6 H 12 N 4 and 0.6 g of polyetherimide (PEI). The pH of the solution was adjusted to 10.6-10.8 using ammonium hydroxide. Then the temperature of the solution was increased to 85-90 1C.
Thereafter, the ZnO-nanorod arrays were obtained and washed with deionised water/ethanol. At last the ZnO-nanorod arrays were annealed in a muffle furnace at 350 1C for 2 h.
Perovskite synthesis
The perovskite layer was prepared using the sequential deposition method. 25 Firstly, methylamine (CH 3 NH 2 ) (13.5 mL, 40 wt% in aqueous solution, Alfa Aesar) and hydroiodic acid (HI) (15.0 mL, 57 wt% in water, Alfa Aesar) were stirred at 0 1C for 2 h under a nitrogen atmosphere to synthesize methylammonium iodide (CH 3 NH 3 I) powder, as shown in eqn (1).
And the residual solvent was removed using a rotary evaporator. The obtained CH 3 NH 3 I powder was washed three times with diethyl ether (Sigma-Aldrich) and oven-dried overnight at 60 1C in a vacuum. Then, CH 3 NH 3 I was dissolved in 2-propanol solvent to form 10 mg mL À1 solution. A PbI 2 solution (dissolved overnight in N,N-dimethylformamide at a concentration of 460 mg mL À1 ) was spin-coated onto the ZnO-nanorod array layer at 2000 rpm for 20 s. Then the samples were dried at 70 1C for 5 min and cooled down to room temperature in air. After that, the substrates were dipped into the prepared CH 3 NH 3 I 2-propanol solution for 40 s, and dried again on a drying plate at 100 1C for 5 min.
The depositions of the hole-transport layers and the Au electrode
MoO 3 layers were deposited on the ZnO nanorod/perovskite heterojunction using the thermal evaporation method at a deposition rate of 0.2 Å s
À1
. Then a 40 nm thick Au layer electrode was deposited on top of MoO 3 layers using the thermal evaporation method at a deposition rate of 0.8 Å s À1 under a pressure of 9.0 Â 10 À4 Pa. Finally, detector devices based on the ZnOnanorod/perovskite heterojunction and MoO 3 hole-transport layers were obtained.
Characterization
The morphology of the samples was studied using a field emission scanning electron microscope (FESEM, JSM7100F Hitachi). The crystal structure of the thin film was measured using an A25 rotating anode X-ray powder diffractometer (XRD, Bruker D8). The I-V characteristics and the photoelectric response curves of the photodetector were measured using a Keithley 4200 electrometer. The light source was provided by a Xenon lamp power supply (No. 66984). And the tests were performed in air and at room temperature. Transmission electron microscopy (TEM) and highresolution TEM (HRTEM) analysis were performed using a JEOL ARM 200F microscope equipped with a cold field emission electron source, an image Cs corrector (CEOS GmbH) operated at 200 kV. The TEM specimens of the ZnO/CH 3 NH 3 PbI 3 sample were prepared by scratching the film, grinding into powder, and then dispersing the powder on a holey carbon copper grid under dry conditions.
Results and discussion
The schematic diagram and working mechanism of the as-fabricated perovskite photodetector are illustrated in Fig. 1 . A thin layer of ZnO seeds was firstly coated on the FTO glass by the spin coating method, followed by growing ZnO nanorods of about 1.5 mm in length and 80 nm in diameter. The one-dimensional ZnO nanorods were uniformly and perpendicularly grown on an FTO substrate, which could benefit the electrons harvest. were carried out in our experiments, which were 5, 8, 12, 16 and 20 nm. An Au electrode was used as the top electrode. Perovskite absorbed light to generate electron-hole pairs under illumination. After that the excitons dissociated mainly at the ZnO/ CH 3 NH 3 PbI 3 interface and the remaining holes travelled across the perovskite layer before reaching the MoO 3 hole-transporting layer. The specific energy band positions of the designed structure could benefit exciton dissociation and transport. Fig. 2 shows a SEM image of the pristine ZnO nanorods and after perovskite coating. As shown in Fig. 2(a) , the top view of the ZnO-nanorod arrays demonstrates that the nanorods have a diameter of 80 nm and are uniformly deposited on the FTO glass. Fig. 2(b) shows a cross-sectional image of the ZnO nanorods, which have a length of 1.5 mm and are vertically grown on the substrate. The crystalline behaviour of the ZnO nanorods with hydrothermal/water-bath methods has been extensively studied and ZnO nanorods tend to grow along the ZnO[002] direction. [26] [27] [28] Fig. 2(c) shows the top view of the ZnO-nanorod array coated with perovskite, which crystallized into irregular polyhedron particles and covered the nanorod surface. The diameter of the polyhedron particles ranges from 80 to 250 nm. Fig. 2(d) shows the cross-sectional image of the ZnO/perovskite and it clearly shows that the CH 3 NH 3 PbI 3 particle layer is fully immersed within the ZnO-nanorod arrays.
As the perovskite particles completely immerse into the ZnO nanorod arrays, the transmission distance between electrons and holes is shortened, thus reducing their recombination and improving the detection performance of the device. XRD is used to characterize the structure of the ZnO nanorods and CH 3 NH 3 PbI 3 perovskite, as shown in Fig. 3 . The bottom XRD pattern confirms the pure ZnO nanorods grown on FTO substrates is a hexagonal structure and has a preferred (002) orientation (JCPDS No. 36-1451). A strong diffraction peak at 34.461 and another two weak peaks at 36.261 and 47.541 can be assigned to the (002), (101) and (102) planes of ZnO. The other three diffraction peaks appearing at 26.481, 37.781 and 51.571 can be indexed to the FTO substrate (Fig. S1, ESI †) . For the CH 3 NH 3 PbI 3 perovskite coated with ZnO nanorods, we observe the appearance of a series of new diffraction peaks that are in good agreement with literature data and theoretically calculated values on the tetragonal phase of the Fig. 4(a) . Fig. 4(b) shows an HRTEM image of the ZnO nanorod highlighted in red in Fig. 4(a) and the lattice spacing is about 0.26 nm, which belongs to the d-spacing of the ZnO(002) plane. It proves that the ZnO nanorod grows along the c-axis direction and agrees well with the XRD characterization. From both low and high magnification images, one can see that some areas of ZnO give a slight different contrast, as highlighted by the yellow circles in Fig. 4(b) due to the covering of CH 3 NH 3 PbI 3 nanoparticles on the surface of the ZnO nanorod. STEM-EDXS analysis further confirms the presence of CH 3 NH 3 PbI 3 (see the STEM and EDXS analysis in the ESI †). Fig. 4(c)-(e) are HRTEM images of CH 3 NH 3 PbI 3 nanoparticles from the selected area of Fig. 4(a) highlighted in green, blue, and pink, respectively. By measuring the lattice spacing and the angle between the different planes, possible lattice planes of the tetragonal phase of CH 3 NH 3 PbI 3 have been indexed in the HRTEM images. Fig. 5 shows the I-V curves of as-fabricated detectors under dark conditions with the thickness of MoO 3 ranging from 5 to 20 nm and the proposed working mechanism of MoO 3 . As shown in Fig. 5(a) , J-V curves show favourable rectification characteristics, the rectification ratio reaching 500 at the bias voltage of AE1 V and the threshold voltages are around 0.5 V. With the thickness of MoO 3 increasing from 5 nm to 12 nm, the reverse current gradually decreased and the forward current increased. With the thickness of MoO 3 increasing from 12 nm to 20 nm, both the forward and reverse current decreased. In photoelectric detectors, the hole-transport layer plays a crucial role and the thickness of MoO 3 has a significant influence on the performance of the detector. presence of MoO 3 benefits the hole transport and blocks the flow back of the electrons, which improve the performance of the detector. However, the thickness of the MoO 3 film has a great influence on the performance of the device. For a thin MoO 3 film, electrons can easily tunnel to Au (seen from Fig. 5(c) ), resulting in the decrease of the photocurrent. Also if a thick MoO 3 film is applied (seen from Fig. 5(d) ), the transmission distance for holes and the equivalent serial resistance will increase, and many holes could not transport to the Au electrode due to the increase of carrier recombination. So the appropriate thickness is the best. In our experiment, the device with 12 nm MoO 3 shows the best performance. Responsivity (R) and detectivity (D*) are two key factors used when measuring the performance of a detector and can be calculated as given in eqn (2) and (3). 6 ,36
where J ph is the photocurrent density of the photodiode, P light is the power density of incident light, R is the responsivity, q is the elementary charge and J d is the dark current. Responsivity, the ratio of photocurrent to incident light intensity, indicates how efficiently the detector responds to an optical signal, while D* reflects the detection capability of a photoelectric detector. The dark current of the diode should be depressed as low as possible to distinguish from the optical signals. Fig. 6 shows the responsivity (a) and detectivity (b) curves of the as-fabricated photodetectors with different thicknesses of MoO 3 under zero bias voltage. From Fig. 6(a) , we can see that the devices demonstrate a dual-function response to both UV and visible light and there are mainly two waves. The highest responsivity at 500 nm is 24.3 A W À1 with the 12 nm MoO 3 layer. And the responsivity at 300 nm wavelength is 3.9 A W
À1
high with 5 nm MoO 3 . The response in the UV region is mainly attributed to ZnO, while in the visible region the response is mainly attributed to perovskite. The detectivity can be given by eqn (3). The detectivity curve demonstrates mainly two peaks. One located at 300 nm is attributed to ZnO. The other around 500 nm is caused by the perovskite. We can see that from 800 to 500 nm, the value of the detectivity curve shows a continued increasing trend and reaches the highest at 500 nm. Perovskite materials show a strong light-capturing ability over the spectral region of 300-800 nm, in particular, they can absorb more than 90% of incident light at around 500 nm. 37 The highest detec- Stability is of great importance to photoelectric devices. To characterize the device stability and repeatability, the as-fabricated photodetector was investigated under monochromatic light illumination through periodically and manually turning on/off the light source, as shown in Fig. 7 . It is obvious that the photodetector exhibited good on/off switching properties with both 297 nm and 500 nm light. The on-off switching behaviour was preserved over multiple cycles, indicating the robustness and reproducibility of our photodetector. The response photocurrent was 1.5 mA under 500 nm light, which is larger than that of 0.8 mA under 297 nm light and the result is consistent with the detectivity performance. The rise and fall times were calculated to be less than 0.7 s and 0.6 s, as shown in Fig. S4 (ESI †). In addition, the illumination test was carried out to analyse the stability performance of the photodetector for three months, as shown in Fig. S5 (ESI †) . The photocurrent remained 91.3% of the original value when kept illuminated under constant light intensity. The good stability performance of the device can be attributed to the MoO 3 layer, which not only blocks the electrons for recombination, but also prevents air from penetrating into the perovskite.
Conclusions
In conclusion, high performance photodetectors with organolead iodide perovskite (CH 3 NH 3 PbI 3 ) as an active absorption layer, a layer of gold modified by MoO 3 as a positive electrode, and FTO/ZnO nanorods as a negative electrode are presented. The well aligned crystallized ZnO nanorods were synthesized by the water-bath method and the CH 3 NH 3 PbI 3 nanoparticle layer 
